We report a detailed structural analysis of the phases of 1,2-sn-dipalmitoylglycerol Langmuir monolayers at room temperature. Pressure-induced transitions have been investigated by combination of molecular-dynamics simulations and grazing-incidence x-ray diffraction ͑XRD͒. The diglyceride film undergoes two phase transitions occurring at 38.3 and 39.8 Å 2 /molecule. Simulation indicates that the first transition involves a reorientation of the headgroups while simulation and XRD show that in the second transition the order parameter is the tilt angle of the alkyl chains. A methodology for Fourier analysis of simulated Langmuir monolayers is presented. According to the simulation, in the two states of higher surface pressure the alkyl chains are vertical and pack in a centered-rectangular ͑nearly hexagonal͒ lattice. In the second phase transition the alkyl chains start tilting. At the lowest pressure the tilt angle reaches Ϸ14°in a direction close to a nearest neighbor direction. Both arrangements of the alkyl chains are confirmed by XRD. For higher order and fractional order Bragg peaks, simulations predict higher intensities than observed with XRD. This may indicate that in the simulated monolayer the finite size with periodic boundary conditions imposes a higher degree of order.
I. INTRODUCTION
In recent years considerable progress has been made in refining the application of scanning probe microscopies, imaging, and diffraction techniques ͓1-4͔ to study highly ordered molecular films on solid substrates or aqueous subphases. The physical properties of such thin films can be drastically different from those of the corresponding bulk phases. A detailed understanding of the properties of these self-assembled films and the physical origin of the surface structure is fundamentally important to basic and applied problems such as adhesion, capillarity, contact formation, friction, lubrication, wear, modifications of surfaces, etc. ͓5-13͔. Theoretical approaches ͓14-16͔ and, in particular, with the recent developments and implementations of computational methods, simulation techniques ͓17-28͔ have been used to elucidate the microscopic origins of these phenomena and their technological consequences.
Some of the most intensively studied systems are lipid monolayers at air-water interfaces ͑Langmuir films͒, being particularly attractive model systems for the study of dynamic processes occurring in restricted molecular geometries. Various parameters such as temperature, molecular packing density, molecular composition, and the nature of the subphase can be controlled, and the effect of these variables on, e.g., lateral diffusion can be examined ͓29͔. This is an important aspect in biological membranes, where lateral interactions determine the fluidity and permeability. Fluidity and permeability may modulate the activities of membrane proteins, controlling, e.g., enzyme activity, transport of small molecules across the membrane, or the binding constants of receptors for substances such as hormones, antigens, or nutrients. Most commonly, phase transitions in Langmuir monolayers have been inferred from surface pressure versus molecular area (-A) isotherm measurements ͓30-32͔. A number of new experimental techniques have recently been used to determine structures in monolayers at different length scales. Structures on a mesoscopic scale may be obtained by fluorescence or Brewster angle microscopies ͓1,3,33-38͔, whereas structure on a microscopic scale ͑posi-tional order in, e.g., hexatic and quasicrystalline phases, tilt angle, and orientation of the alkyl chains, rotational order of the backbones of the chains resulting in herringbone or rotator phases and order of ions attracted to the monolayer͒ can now be deduced from x-ray reflectivity and diffraction methods ͓39-59͔ and from neutron reflectivity ͓60,61͔. Information about dynamics, structural orientation of the headgroups at the aqueous subphase, or influence of internal chain conformation on molecular packing and phase stability is, however, experimentally difficult to obtain. Instead, it may be inferred from computer simulation techniques, which complement experimental methods to assess the relative role of order-disorder phenomena involved in lipid monolayer dynamics and phase transitions ͓62-79͔. It has been demonstrated that the simulations reproduce cooperative tilt effects and tilt transitions ͓66-68͔ as well as backbone ordering and different rotator phases ͓62,63͔. Additional results have been obtained describing headgroup orientation and location of gauche defects in the chains ͓69-79͔.
In the present study, we have performed moleculardynamics simulations and a synchrotron x-ray diffraction experiment to determine the structural ordering of 1,2-sn-dipalmitoylglycerol monolayers at room temperature. Our earlier simulation results indicated that the monolayer undergoes two phase transitions, where the transitions at high and low surface pressures involve the reorientation of the headgroups and tilting of the alkyl chains, respectively. An analysis of the headgroup orientation and distribution of trans-gauche defects in the alkyl chains has appeared ͓73,74͔.
Here, we present a detailed analysis of the structures observed in the different phases. Though Fourier analysis is often considered in simulations, the structure factors have usually been reported only for a two-dimensional ͑planar͒ cut in three-dimensional ͑3D͒ reciprocal space. Considering also the third dimension in reciprocal space increases the amount of extractable structural information, such as quantitative descriptions of tilt angle and molecular orientation. Furthermore, higher and fractional order peaks may elucidate the extent of ordering phenomena. In this study, we have calculated both the planar ͑projected͒ structure factor intensities and the intensity dependence on all three dimensions of reciprocal space, giving information about the crystalline ordering of the alkyl chains ͑lattice parameters, tilt, and tilt direction͒ and the crystalline order of the headgroups. The simulated structures and their calculated structure factors are compared with the x-ray diffraction results. The paper is organized as follows. In the next section, we briefly present the model and details of the moleculardynamics simulations. In Sec. III we discuss the experimental setup and in Sec. IV we compare the simulation results with the x-ray diffraction data. Finally, in Sec. V, the main findings of our investigation are summarized.
II. MODEL AND SIMULATION DETAILS
In the molecular-dynamics calculations, which consist of the integration of the Newtonian equations of motion, we have investigated the dynamical behavior and structural ordering of the diglyceride monolayer at different surface pressures. The monolayers are treated in full atomic detail with the exception that the methyl and methylene units of the alkyl chains of the molecule are modeled as ''anisotropic united atoms'' ͑AUA͒ ͓74,80͔. The different potential functions for the intramolecular contributions ͑bond length, bond angle, torsion, Lennard-Jones type, and Coulombic energies͒ and intermolecular interactions ͑Lennard-Jones type and dipolar energies ͓81͔͒ have appeared in the literature many times and are fully described in Ref. ͓74͔. The various potential parameters appearing in the potential function are based on recent experimental data or force field calculations and numerical values of the parameters are provided in Ref.
͓74͔. The aqueous subphase is considered to be a continuous medium modeled by an external field ͓74͔, whose strength is based on data for the free energy of solvation for simple esters and alcohols. This static field maintains the feature of a soft ͑flexible͒ interface and serves as a stabilization of the monolayer.
The simulation was started from one layer of the threedimensional structure of the L ␤ mesophase of 1,2-sn-dipalmitoylglycerol ͓74,82͔. 48 chiral molecules were placed in a rectangular simulation cell, where the alkyl chains were perpendicular to the surface and in an all-trans state. Periodic boundaries were imposed in the x and y directions and the minimum image convention ͓83͔ was employed. The equations of motion were integrated using a leapfrog algorithm ͓83͔ with a time step of tХ0.7 fs ͓73-76͔. The temperature was maintained at 25°C with a NoseHoover thermostat ͓84-86͔. To obtain a stable film and to avoid mechanical non-equilibrium responses ͓76͔, such as strains and stresses within the film, the layer was compressed to a mean molecular area of Aϭ36.2 Å 2 /molecule by adjusting the ratio of the simulation cell dimensions such that the off-diagonal pressure tensor components on average equal zero and the diagonal elements equal the spreading pressure ͓78͔. The configuration for the next lower surface density was obtained by expanding the monolayer in the x and y directions while maintaining the ratio of the simulation cell dimensions ͓87͔. Thermodynamic, structural, and dynamic quantities were sampled after thorough equilibration of the film for at least 100 ps. Details of the equilibration and sampling procedure are provided elsewhere ͓74͔.
III. EXPERIMENTAL DETAILS
Experimental data were obtained using a Langmuir trough for measuring the surface pressure ͑͒ versus mean molecular area (A) isotherm and synchrotron x-ray diffraction for determining the packing and conformation of the molecules in the monolayer in situ.
The (-A) isotherm measurements were performed by spreading a 1 mg/ml solution of ͑chiral resolved͒ 1,2-sn-dipalmitoylglycerol ͑Sigma; Ϸ99% pure; substantially free of 1,3 isomer͒ in chloroform ͑Merck; analytical grade͒ on Millipore filtered water ͑18.2 M⍀ cm͒ thermostated at 20Ϯ0.2°C. After evaporation of the solvent, the monolayer was compressed at a rate of 0.4 Å 2 /molecule min to a surface pressure of 50 mN/m, which is just below the collapse pressure. The compressed monolayer was left for more than 12 h at constant surface pressure, maintained by adjusting the barrier position, in order to equilibrate. The isotherms were measured with a KSV5000-3 Langmuir trough ͑KSV Instruments, Helsinki͒. For comparison with simulation results, experimentally determined isotherms were recorded during the expansion of the compressed monolayer, as discussed in Sec. IV. The expansion rate was 0.03 Å 2 /molecule min up to a mean molecular area of 45 Å 2 /molecule, and beyond this point the rate was 0.15 Å 2 /molecule min. The structure of the Langmuir monolayer was investigated by synchrotron x-ray diffraction using the liquid surface diffractometer on the undulator beamline BW1 at HASYLAB, DESY, Hamburg. A beam of wavelength 1.351 Å was incident on the surface at a shallow angle ␣ϭ0.85␣ c ͑to enhance surface sensitivity͒, where ␣ c is the critical angle for total external reflection, giving a footprint of 50 by 5 mm on the water surface. The background level of scattering was reduced by a He atmosphere inside the trough. Diffracted x rays were detected by a vertically oriented position-sensitive detector with 256 channels mounted behind a Soller collimator, giving a ͑horizontal͒ ͉q ជ xy ͉ resolution ͑full width at half maximum͒ of 0.011 Å Ϫ1 and a ͑ver-tical͒ q z resolution of 0.005 Å Ϫ1 . Here, q ជ ϭ(q x ,q y ,q z ) ϭ(q ជ xy ;q z ) is the scattering vector. Since generally Langmuir monolayers are seen to consist of domains that are randomly oriented around the vertical axis, the horizontal com-ponents, q x and q y , could be resolved only in the combination q xy ϭ͉q ជ xy ͉ϭͱ(q x 2 ϩq y 2 ). Spreading conditions were equivalent to those described above. After evaporation of the solvent, the film was compressed at a rate of 1.5 Å 2 /molecule/min to a surface pressure of 40 mN/m. To allow for equilibration and stabilization of the film, the compressed monolayer was maintained for 1 h at constant pressure by adjusting the barrier position before the first diffraction scan. Diffraction scans were conducted at constant surface pressures of 40, 20, and 5 mN/m. At the highest surface pressure, a broad scan resolving only q xy was performed to detect the presence of peaks ͑cf. following section͒. Peaks were observed only in the range 1.47-1.55 Å
Ϫ1
͑corresponding approximately to the interchain distance in a compact hexagonal lattice͒. Consequently, this range was used for scans simultaneously resolving both q xy and q z at all three surface pressures. In-between scans, lower pressure states were obtained by expanding the film at a rate of 0.1 Å 2 /molecule/min.
IV. RESULTS AND DISCUSSION
Surface tension ␥ and the positional order of the monolayer at different surface pressures are easily calculated in the simulations and can directly be compared with experimental results. In monolayer experiments, the lateral pressure is given by the difference of surface tension in the absence (␥ 0 ) and presence (␥ 1 ) of amphiphilic molecules at the water surface; ϭ␥ 0 Ϫ␥ 1 . In the simulations, the positive spreading pressure is calculated from the intermolecular interactions ͓88͔ and the external force field contributions ͓89͔.
Surface pressure data are shown in Fig. 1 . The experimental isotherm was obtained during expansion. Small hysteresis effects were observed in the isotherms during compressionexpansion cycles ͑data not shown͒. The hysteresis is probably caused by large relaxation times of structural ordering in the film. Discontinuities in the slope of the isotherm observed during expansion were not detected upon compression. This is inherent to the diglyceride monolayer film.
Similar observations have been reported, e.g., for long chain aliphatic alcohols ͓90,91͔. The isotherms calculated in the simulations and the experimental isotherms measured during expansion of the film show two discontinuities in slope occurring at 38.3 and 39.8 Å 2 /molecule. Experimentally, the location of the kinks could be determined with a precision of Ϯ1 Å 2 /molecule, and good agreement is found between simulations and experiment. The differences in the slopes of the isotherms will be discussed later.
Structural information about the simulated Langmuir film was obtained qualitatively by inspection of several snapshots at the different surface pressures ͓cf. Figs. 2 and 7͑c͒ below͔, and quantitatively by computing the structure factor intensities. In the simulations, periodic boundary conditions were applied to avoid boundary effects. Hence, the system can be considered as a set of N R replicas ͑superlattice͒ of the actual simulation cell. Then, the intensity from the extended system, I ext , is given by ͓92͔
where the two sums are over the different replicas of the system N R ͑→ϱ͒ and over the N P particles in the simulation cell. ͗•••͘ denotes an ensemble average over independent configurations. R ជ j is a vector pointing to the origin of the jth replica in the superlattice, and r ជ i is the position of the ith particle in the simulation cell. As shown, the double sum can be separated ͑cf. ͓93͔͒ into two factors: I Repl ͑arising from replication of the simulation cell͒ gives a set of Bragg peaks corresponding to the superlattice structure: I Repl is unity for scattering vectors q ជ ϭ(q ជ xy ;q z ) with horizontal components q x P ϭ2/L x and q y P ϭ2/L y ͑,ϭϮ0,1, . . . ; L x and L y are the replication translations in the x and y directions, respectively͒ while ͑for N R →ϱ͒ I Repl ͑and I ext ͒ are zero elsewhere. The spacing between the q ជ xy P can only be reduced by increasing the size of the simulation cell. Due to the inherent restriction of system replication along the real space lateral dimensions, any crystalline particle lattice must necessarily be commensurate with the superlattice, so that the reciprocal lattice of the particle lattice will be subset of the q ជ xy P lattice. It is conventional in simulation studies to denote as the intensity the factor I(q ជ )ϵ͉͚͗ iϭ1
͘, the intensity arising from the N P particles in the simulation cell. As pointed out above, the intensities I(q ជ xy ;q z ) are meaningful only for q ជ xy ͕q ជ xy P ͖ ͓94͔.
A top view of the monolayer is shown in Fig. 2 . It appears that the chains form a crystalline lattice, where the chains remain straight and parallel ͓cf. Fig. 7͑c͒ top͔. To quantify the ordering of the layer, we have calculated the intensities I(q x P ,q y P ,q z ) ͓95͔. For simplicity, we first consider projected intensities ͐ Ϫ1 1 I(q x P ,q y P ,q z )dq z . A map is shown in Fig. 3 , where intensities due to the entire molecules are indicated by the white area of the semicircles and intensities due only to For the six dominant peaks the intensities due to the entire molecules are much higher than those due only to the headgroups. We conclude that the six dominant peaks describe the apparently crystalline order of the hydrocarbon chains. From the reciprocal basis vectors a ជ * and b ជ * we can construct ͓92͔ the ͑nearly hexagonal͒ real-space lattice ͓dashed lines in Fig. 2 ͑left͔͒ with basis vectors a ជ and b ជ as shown in Fig. 2 Fig. 4 for a number of different mean molecular areas. To ease the comparison with x-ray diffraction measurements ͓98͔, in Fig. 4 we further report intensities ͑dashed lines͒ that are calculated as I sum (q ជ )ϭI(ϩq x ,ϩq y ,ϩq z )ϩI(Ϫq x ,Ϫq y ,ϩq z ). Projected intensities ͑data not shown͒ of the ͕11͖, ͕12͖, and ͕21͖ peaks, and the ͕02͖ ͕22͖, and ͕20͖ peaks are Ϸ10% and Ϸ5%, respectively, of the intensities of the first order peaks ͕͑01͖, ͕11͖, and ͕10͖͒.
In Fig. 3 intensities of Ϸ5% of the first order peaks are further observed at the fractional-order positions q ជ xy ϭϮ(ϩ1/4a ជ *,ϩ1/4b ជ *), Ϯ(ϩ3/4a ជ *,Ϫ1/4b ជ *), and Ϯ(ϩ1/4a ជ *,Ϫ3/4b ជ *). These reflections are due to the headgroups ͑cf. black semicircles in Fig. 3͒ . Their positions may be generated from reciprocal basis vectors a ជ H *ϭ 1 4 (a ជ *ϩb ជ *) and b ជ H *ϭ 1 2 (Ϫa ជ *ϩb ជ *). The resulting ͓92͔ real space lattice is shown in Fig. 2 ͑right͒: the headgroups form a rectangular superlattice with unit cell vectors a ជ H ϭ2(a ជ ϩb ជ ) and b ជ H ϭ Ϫa ជ ϩb ជ giving rise to the fractional order peaks. The pattern of alkyl chains (T) and headgroups (H) is shown schematically in Fig. 2 ͑bottom right͒, and the symmetry of the arrangement results in systematic absences of some of the peaks predicted by the reciprocal basis vectors a ជ H * and b ជ H * ͑cf. Fig. 3͒ : All integer-order reflections are present, with contributions from both alkyl chains and headgroups. Only every second row of fractional-order reflections is present, and only the headgroups contribute to those intensities ͓99͔. Projected and q z -resolved intensities ͑Bragg rods͒ of the headgroups, given in Fig. 5 , indicate that there is no major difference between the projected intensities in the most compressed and expanded states. However, differences are observed in the q z -resolved intensities.
We now proceed with the analysis of the integer-order peaks. From the Bragg rod profiles shown in Fig. 4 ͑dotted lines͒ we have deduced the average orientation of the molecules defined by the tilt angle and the azimuthal angle of the hydrocarbon chains as follows: The features of the intensity distribution along the Bragg rods are determined mainly by the form factor of the aliphatic chains. Now, for nearly parallel long linear aliphatic chains the atom-by-atom structure is largely irrelevant for calculating the intensities and it may be replaced by a smoothed electron distribution resulting in a very slim prolate ellipsoid of length L. The form factor of the hydrocarbon chains, being the Fourier transform squared of the electron density, will be a very flat oblate ellipsoid of FWHM thickness 2/L and perpendicular to the chain axis ͓96,102͔. Hence, the orientation of the center plane of the oblate ellipsoid ͑where the form factor is maximum͒ gives the orientation of the hydrocarbon chains. In Fig. 4 , the maxima in the I(ha ជ *ϩkb ជ *;q z ) ͑dotted lines͒, at positions q z ϭq z hk , result from the molecular form factor. The average orientation of the axes of the hydrocarbon chains can then be determined by least-square fitting, to the points (q x 10 ,q y 10 ,q z 10 ), (q x 01 ,q y 01 ,q z 01 ), (q 
0ϭ␣q z ϩ␤q y ϩ␥q z ϵsin͑ ͒cos͑ ͒q x ϩsin͑ ͒sin͑ ͒q y ϩcos͑ ͒q z . ͑2͒
The chain axis is then orthogonal to the plane, i.e., along the real-space vector ͑␣,␤,␥͒, having tilt angle and azimuthal angle . In Table I , the peak positions q z hk and the corresponding peak intensities I hk (q z )ϭI(ha ជ *ϩkb ជ *;q z ) are summarized for different coverages. The orientations of the molecules were then determined from Eq. ͑2͒ ͓4,96,102͔, resulting in the fitted parameters given in Table II : at a small area per molecule, Aр38.5 Å 2 , the alkyl chains are tilted by 1-2°. The low tilt angles, result in an ill-defined azimuthal angle . At 40 Å 2 /molecule, the alkyl chains tilt by Ϸ10°f rom the vertical in a lateral direction close to the direction of next nearest neighbor. On further expansion to 41 Å 2 /molecule, the tilt angle increases to approximately 14°f rom the vertical in a lateral direction Ϸ7°from the a ជ ϩb ជ nearest neighbor direction. While the phase transition at low pressure is due to tilting, the phase transition observed at high surface pressure is not associated with tilting or structural reorientation of the alkyl chains. Simulation results indicate that the transition is caused by a reorganization of the headgroups. A detailed analysis of the headgroup motion ͓74,76͔ and its role in biological systems ͓78͔ has been presented, and we therefore provide only a brief summary here. At high surface pressure, the alkyl chains are close packed in a hexagonal structure. Due to packing effects, both ester groups cannot simultaneously be in contact with the water phase; if one is down, the other is pushed up into the hydrophobic region and vice versa, as schematically shown by the molecules (A1) and (A2) in Fig. 6 . This cyclic movement can be thought of as a ''seesaw mechanism,'' which is hindered or stabilized by the FIG. 5 . Diffraction profiles as in Fig. 4 balance of intramolecular and intermolecular forces ͓74,76͔.
On expansion, the intermolecular interaction decreases, and at the high pressure transition, the intramolecular interaction between the two chains is strong enough to cause a ''swelling'' of the molecules ͓78͔, allowing the two ester groups to escape from the constrained motion given by the ''seesaw mechanism.'' On further increasing the area per molecule, sufficient space is created that both ester groups can be exposed to the water phase simultaneously as indicated by molecules (B) and (C) in Fig. 6 , where conformation (C) represents the tilted state.
In Fig. 7 , a subset of the simulation results ͓correspon-ding to the three different regions observed in the (-A) isotherm ͑Fig. 1͔͒ is presented in a form suitable for direct comparison ͓103͔ with the XRD data, which are shown in Figs. 8 and 9 . Initially, in the high pressure state of the film, a fast scan over a wide range of the horizontal scattering vectors q xy ϭͱ(q x 2 ϩq y 2 ) was performed to detect the presence of peaks ͑while not resolving q z in order to increase speed͒. Only one peak ͑due to the alkyl chains͒ was observed in the range 0.65Ͻq xy Ͻ2.87 Å Ϫ1 . Figure 8 shows the measured diffraction profile ͑bold line͒. Peaks calculated from TABLE I. For the Bragg rods, the q z value (q z ) giving the maximum intensity is tabulated as well as the maximum intensity I hk (q z ). q z, f it is the fitted value using Eq. ͑2͒. The last column shows the difference between actual and fitted q z data. the simulations are shown vertically displaced ͓104͔.
The two sets of data were put on a common scale by equating the integrated intensities of the first order peaks. The calculated peaks were drawn as Lorentzians with the same FWHM ͑full width at half maximum͒ as the measured peaks ͓106͔. The simulation predicts higher order peaks and fractional order peaks that are absent from the XRD data. While the simulated higher order peaks are at the limit of what would be detectable in the XRD, the simulated fractional order peaks are about 7 to 10 times the XRD detection limit. A detailed scan of the first order peak resolving both q xy and q z showed the Bragg rod to have maximum at the horizon (q z Ӎ0) in accordance with the simulation results. Simulation also predicts that the headgroup Bragg rods and the higher order alkyl chain Bragg rods should have the major part of their respective intensities at ͉q z ͉Ͻ0.7 Å Ϫ1 . In the fast scan, the range 0Ͻq z Ͻ0.8 Å Ϫ1 was integrated. Due to the absence of other peaks, only the first order alkyl chain peaks were considered for scans simultaneously resolving q xy and q z at all three investigated surface pressures. The scans resolving q z are presented in Fig. 9 . The left column (A) shows contour plots of the measured diffraction intensities depending on both q xy and q z . In the center column (B), the scattered intensity is integrated over all PSD channels (0Ͻq z Ͻ0.8 Å Ϫ1 ), with background subtracted, as a function of horizontal scattering vector q xy component for the three different surface pressures. Diffraction peaks at 40 and 20 mN/m were fitted to a single Lorentzian, whereas the diffraction peak at 5 mN/m was fitted by the sum of two Lorentzians. The right column (C) shows the scattered intensity integrated over the q xy range of each peak, with background subtracted, as a function of vertical scattering vector (q z ) component ͑i.e., Bragg rod scans͒ ͓96͔. The solid lines represent fits of the Bragg rod scans modeling each alkyl chain as a narrow cylinder of constant electron density and adjusting length, tilt angle, and tilt direction of the cylinder and the surface roughness for the best agreement with the data ͓102,96͔. The fitted parameters are given in Table III along with the numerical data for lattice parameters and tilt. From the q xy scans, it was found that the high and medium pressure structures of the alkyl chains are hexagonal. As shown in Fig. 9 , at high and medium pressures, the Bragg rod scans are peaked at or close to q z ϭ0 corresponding to a collective tilt of the chains Ͻ2°͓96,102͔. By contrast, the low pressure state shows a distorted-hexagonal phase where the ͕10͖ϩ͕01͖ peak is displaced in q xy from the ͕ 11͖ peak.
The Bragg rod of the ͕10͖ϩ͕01͖ peak is shifted to higher FIG. 6 . Conformations observed with high probability density in the simulations at different surface pressures. Structures (A1) and (A2) show the two limiting arrangements of the sn-1 and sn-2 ester groups at high pressure. Structure (B) is observed at edium pressure, whereas conformation (C) represents the tilted state at low pressure. Hydrocarbon chains are indicated by the thick lines, whereas the headgroup region is indicated by the thin lines. See text for more details. q z values while the ͕ 11͖ Bragg rod remains centered at the horizon (q z Ӎ0), indicating that the chains are tilted by 14°in the a ជ ϩb ជ direction towards a nearest neighbor chain.
Generally, chirality may lead to packing arrangements in racemic mixtures that are different from those occurring in chiral-resolved compounds. The two-dimensional ordering of phospholipids in Langmuir films is influenced by the headgroup packing resulting in unit cell arrangements of lower symmetry for the chiral compounds than for the racemate ͓107͔. Similarly, it has been observed for phospholipids that chirality plays a key structural and functional role in both cell membranes and plasma lipoproteins ͓108͔. In threedimensional phospholipid crystal structures, molecules are linked by an infinite two-dimensional network of hydrogen bonds involving the hydroxyl groups of the glycerol moiety. In the present study, both in the experiments and in the simulations, 1,2-sn-dipalmitoylglycerol molecules have a chiral carbon center, so that low-symmetrical ͑oblique͒ structures might have been expected. However, the dimensions of the headgroups ͑containing the asymmetric carbon͒ in the diglyceride molecules are smaller than in phospholipids, and it appears that the packing is predominantly determined by the alkyl chains, resulting in rectangular or higher symmetry.
V. CONCLUSION
In conclusion, we have performed a detailed structural analysis of the phases observed in 1,2-sn-dipalmitoylglycerol Langmuir monolayers based on data from molecular-dynamics simulations and synchrotron x-ray scattering experiments. We have provided the mathematical details of calculating projected and Bragg rod ͑q z -resolved͒ intensities from the simulation data in order to determine structural details such as the orientation of the molecules and for comparison with equally detailed experimental x-ray diffraction data. The simulation results are qualitatively in good agreement with the experimental data, predicting the location of the transitions as well as the absolute value of the molecular tilt angle. We can conclude that the diglyceride film remains in a highly ordered state down to very low surface pressures. At high and medium pressures the alkyl chains pack in a hexagonal structure. The transition at high surface pressure is due to a reorientation of the headgroups as determined by simulation ͑and not detected in XRD͒, while the transition at low pressure involves tilting of the alkyl chains by up to Ϸ14°at the lowest pressure in a direction close to the nearest neighbor direction. The latter transitional reordering is observed by both simulation and x-ray diffraction. The FIG. 8 . Experimentally determined diffraction profile ͑bold line͒ in the high surface pressure state ͑40 mN/m͒ at a mean molecular area of 38.9 Å 2 /molecule. The intensity is integrated over all channels of the position sensitive detector as a function of inplane scattering vector ͉q ជ xy ͉. Diffraction peaks calculated from the simulations ͑for Aϭ37.0 Å 2 per molecule͒ are shown vertically displaced by 700 counts ͑LPA and form factor corrected; see text for more detail͒. The calculated intensities were plotted as peak profiles by normalizing the integrated intensities of the first order peak to the measured peak ͑after subtracting the background level͒ and drawing each profile as a Lorentzian with the same width as the measured peak. In addition, the measured background level was added. The inset is a close-up of the region of the first order peaks.
FIG. 9. Experimentally determined diffraction profiles at three mean molecular areas ͑from the top: 38.9, 39.6, and 40.5 Å 2 /molecule͒ corresponding to high ͑40 mN/m͒, medium ͑20 mN/m͒, and low ͑5 mN/m͒ pressure states. (A) Contour plots of the diffraction intensities depending on both in-plane scattering vector ͉q ជ xy ͉ and vertical scattering vector q ជ z . In the upper two plots, the contour line spacing is 1000 counts/s ͑bold contours at 3000 and 6000 counts/s͒, while the lower plot has a spacing of 100 counts/s and a bold contour at 900 counts/s. (B) Diffraction peaks: intensity integrated over all channels of the detector as a function of the in-plane scattering vector ͉q ជ xy ͉ ͑crosses͒. The solid lines are fits to Lorentzian line shapes. The low pressure state was fitted to two Lorentzians. (C) Bragg rod profiles: diffracted intensity as a function of the vertical scattering vector component q z integrated over the ͉q ជ xy ͉ range of the corresponding diffraction peak ͑crosses͒. The solid lines are fits to a model of the chains as long narrow cylinders. Fitted parameters are given in Table IV and  in the text. simulated system has a higher degree of ordering than observed with XRD in the real system: According to the simulation, the intensities of the ͕11͖, ͕ 12͖, ͕2 1͖ higher order peaks are at the detection limit of the XRD experiment, while the peaks with fractional indices ͑which are due to the head groups͒ are well above the XRD detection limit. Neither higher order peaks nor peaks due to the headgroups were observed in the experiments. The apparently higher ordering of the simulated system is probably due to finite size effects in the simulations, which causes an inherent ordering imposed by the repeated cell. Sample size dependence was also observed in the simulation of simple hydrocarbon monolayers ͓109͔. This study revealed that systems with 64 chains are large enough to obtain statistically meaningful results. The differences observed in the slope of the (-A) isotherms, and lattice parameters ͑Tables I and III͒ are probably caused by slightly inaccurate ''interaction energy'' parameters in the energy functions ͑e.g., well depth in the Lennard-Jones potential͒ and/or ''excluded volume'' parameters ͑e.g., van der Waals radii͒ ͓110͔. The influence of these parameters on thermodynamic quantities has been discussed recently ͓111͔. The location of the phase transitions ͓i.e., the kinks in the (-A) isotherms͔ and the structural features ͑i.e., tilt͒ observed in the simulations are in good agreement with the experimental data indicating that the parameters are adequate for describing the dynamical behavior of the monolayer. 
